This study evaluated the effects of low dose radiation on spermatogenic cells using the morphological characteristics of sperm in the caudal epididymis of ICR mice. In this study, six abnormal sperm shapes (amorphous heads, blunt hooks, excessive hooks, two heads and tails, folded tails and short tails) were observed at eight days after γ-irradiation ( 137 Cs, 0, 0.2, 0.5, 1, 2 or 4 Gy) with both a high-dose-rate (0.8 Gy/min) and a low-dose-rate (0.7 mGy/hr). Fewer abnormal forms of sperm were observed in lowdose-rate irradiated mice than in mice that received a high-dose-rate irradiation (P = 0.002). The ratio of the dose rate effect among low-dose-rate irradiated mice to high-dose-rate irradiated mice was approximately 0.6. In addition, sperm with blunt hooks and two heads and tails significantly increased in number after irradiation, potentially providing an endpoint marker for estimating the effects of radiation. This study suggests that low-dose-rate (0.7 mGy/hr) radiation does not damage stem spermatogonia and probably stimulates repair in damaged spermatogonial stem cells in male mice.
INTRODUCTION
The harmful effects of high dose radiation on a living organisms, including human beings, have been well documented since the release of epidemiological data relating to the atomic bomb and the Chernobyl nuclear accident. 1) However, the effect of low dose radiation has not been comprehensively identified, and a number of studies are currently under way using in-vivo and in-vitro systems. Adaptive response, immunologic enhancement, prolongation of life span, treatment or suppression of disease, and reduced chromosomal aberrations in experimental animals have been reported. [2] [3] [4] [5] [6] At the cellular level, the activation of a signal pathway related to DNA damage and repair, apoptosis and cell proliferation have also been reported. [7] [8] [9] However, the radiation effect in spermiogenesis after exposure to low dose (≤ 200 mGy) and low-dose-rate (≤ 6 mGy/hr) 10) irradiation has been found to be limited.
The effects of radiation on human beings include: miscarriage, stillbirth, and malformation due to a genetic disorder in the paternal germ cell, as well as an increased incidence of cancer. [11] [12] [13] In particular, the incidence of genetic disorders in the descendent generation is likely to result from genome instabilities in the parent's generation. 14) Due to the importance of the paternal germ cell in genetic disorders caused by radiation, apoptosis, gene mutation, repair capabilities, and chromosome aberrations of spermatogonia were used as endpoint markers for evaluation. [15] [16] [17] [18] [19] [20] However, it is difficult to identify their response to radiation precisely, since testicles contain germ cells at different stages of development. Consequently, we attempted to investigate whether low-dose-rate irradiation causes genetic damage in spermatogonial stem cells and passes it down to the next generation, using abnormal forms of sperm in the caudal epididymis, 14, 21, 22) as an indicator. This study analyzed the abnormal forms of sperm in low-dose-rate (0.7 mGy/hr) irradiated mice, comparing them with those of high-dose-rate (0.8 Gy/min) irradiated mice. It found that morphologically different sperm in the caudal epididymis will provide information about the possibility of the incidence of genetic disorders in the descendent generation.
MATERIALS AND METHODS

Animals
For this study, six-week-old male ICR mice (Shizuoka Laboratory, Japan) were purchased and raised in a the specific-pathogen-free (SPF) facility. The animals were raised in an environment with a temperature of 22 ± 2°C, relative humidity of 50 ± 10 % and 12 hour cycle of lighting, (turned on at 8 o'clock in the morning, and turned off at 8 o'clock in the evening) with a luminance of 200 -300 Lux. After a one week adaptation period after purchase, five mice were house in each polycarbonate cage. Gamma-ray sterilized pellets (Samyang, Korea) and autoclaved water were given ad libitum. All experiments were handled in accordance with the guidelines for animal experiments of the Radiation Health Research Institute (RHRI).
Irradiation
For acute whole-body irradiations at a high-dose-rate, mice were irradiated with a total dose of 0.2, 0.5, 1, 2 or 4 Gy at the dose rate of 0.8 Gy/min using a 137 Cs irradiator (IBL 147C, CIS Bio International, France). Immediately following irradiation, mice were returned to their cage to rest for 8 days. The long-term low-dose-rate irradiation facility in the RHRI was used for irradiate low-dose-rate ( 137 Cs, 185 GBq, 0.7 mGy/hr) radiation. Mice were grouped into six dose groups (0, 0.2, 0.5, 1, 2 or 4 Gy), and each group was composed of five mice. The mice cages were placed on shelves located 5 m from source representing 0.2, 0.5, 1, 2 or 4 Gy for 11.9, 29.7, 59.5, 119 or 238 days, respectively. The control group mice were placed on shelves in the same facility but shielded from γ-radiation. The absorbed dose was determined by an intraperitoneally implanted photoluminescence glass dosimeter GD-351 (Asahi Techno Glass Corporation, Tokyo). 23 ) Radiation exposure at a low-doserate was continued almost 24 hours a day (16.8 mGy/day) excepting 2 hours a week during which the room was cleaned, bedding changed and food and water refreshed.
Morphological observations of sperm
Caudal epididymis was collected from irradiated mice on the 8 th day when the sperm reached the caudal epididymis from the testicles, according to the stages of spermiogenesis.
24) The extracted caudal epididymis from mice were put into 200 μl RPMI and finely chopped. 800 μl Eosin Y (1%) was then added for staining. Abnormal sperm formation was then observed using an optical microscope (X200). Abnormal forms of sperm were classified into head or tail morphological abnormalities: two heads, two tails, blunt hooks, and short tails ( Fig. 1) , in reference to a report by Kim et al. 25) Sperm having two heads or tails had a low occurrence rate; therefore, these two phenomena were merged into the same parameter category. The data for high-dose-rate radiation were collected three times and combined (n = 15); experiments for low-dose-rate exposure were repeated three times (n = 15). In this study, all sperm abnormalities of the control mice were taken together as the sperm abnormality was not significantly different as age increased from 8 to 42 weeksold mice. These examinations were repeated three times and three hundred sperms per animal were scored for sperm abnormality by an independent investigator.
Statistical analysis
The student t-test or the Duncan multiple analysis was performed using SAS 8.0 (SAS Institute, USA) to compare the differences observed in abnormal forms of sperm in line with the radiation dosage level. 
RESULTS
Frequency of total abnormal sperm
Sperm in the caudal epididymis of the radiation irradiated mice were observed morphologically and the overall frequency levels of sperm with abnormal morphology were compared (Fig. 2) . The frequency of abnormal sperm forms observed in mice irradiated at high-dose-rates was higher than among low-dose-rate irradiated mice (P = 0.002). The frequency of abnormal sperm forms increased to 1 Gy and decreased at levels in excess of 1 Gy after high-dose-rate irradiation. On the other hand, the frequency of abnormal forms of sperm in low-dose-rate irradiated mice only slightly decreased 1 Gy compared to those of non-irradiated mice.
Frequency of classified abnormal forms of sperm in irradiated mice
The abnormal sperm forms observed in the caudal epididymis were classified into six groups after irradiation. The frequency of each type was compared. Sperm having blunt hooks (P = 0.04) and two heads and tails (P = 0.04) increased to 1 and 2 Gy among high-dose-rate irradiated mice ( Table 1 ). The numbers of sperm characterized by Fig. 2 . Total sperm abnormalities in high-and low-dose-rate irradiated mice. Results are presented as means ± SD from 15 mice in the high-and low-dose-rate irradiated groups. P < 0.0001: high-dose-rate irradiated mice vs low-dose-rate irradiated mice. *P = 0.003: 0 Gy vs 0.2, 0.5, 1, 2 and 4 Gy after high-dose-rate irradiation. #P = 0.002: 0 and 1 Gy vs 0.2, 0.5, 2 and 4 Gy following low-dose-rate irradiation. Sperm abnormality was observed at 8 days following γ-irradiation with a dose rate of 0.8 Gy/min ( 137 Cs); data (%) are represented as mean ± SD. a and b represent the result of multiple comparisons using Duncan's test and means with the same letter on the horizontal lines are not significantly different at α = 0.05. n = 15/group. blunt hooks (P = 0.03), two heads and tails (P = 0.01), and short tails (P = 0.002) as characteristics increased slightly to between 0.5 and 1 Gy among low-dose-rate irradiated mice, as compared with non-irradiated mice (Table 2) .
Relative frequency of sperm abnormalities
The frequency of sperm formation abnormalities in the caudal epididymis of low-dose-rate irradiated mice was compared with that among high-dose-rate irradiated mice ( Table 3 ). The relative frequencies of abnormal sperm forms in low-dose-rate irradiated mice to high-dose-rate irradiated mice were between 0.50 and 0.61. However, the relative frequencies of abnormal forms of sperm with amorphous head characteristics were lower (between 0.02 and 0.19) than those of other abnormal sperm forms.
DISCUSSION
In this study, the effects of whole body chronic low-doserate irradiation were evaluated using abnormal forms of sperm in the caudal epididymis of male mice as an endpoint marker. The genetic information of spermatogenic cells is transferred to the descendant generation and expressed through miscarriage, stillbirth, malformation, and the incidence of diseases. [11] [12] [13] 21) It is well known that a genetic mutation is more likely if the spermatogonial cells are exposed to radiation and if damaged DNA is repaired incompletely. 21) Generally, males and females were separated during the animal experiments to evaluate the effects of radiation on spermatogenic cells. 26) Males exposed to radiation were crossed with normal female mice, and abnormalities among offspring were observed. 20) Previous reports found that gene mutation 27) and micronucleus 28) occurred in stem spermatogonia exposed to 100 to 500 mGy by irradiation at 0.01 to 150 mGy/day. Other experiments have reported that mutated genes in stem spermatogonia are transferred to the descendant generation and expressed in stillbirth malformation. 12, 13, 29) This study also found that high-dose-rate irradiated mice exhibited a high frequency of abnormal sperm in the caudal epididymis, most likely related to blunt hooks and two heads and tails as a result of genomic instability in stem spermatogonial cells. 11, 30) However, the frequency of the observation of abnormal sperms in the caudal epididymis of low-dose-rate irradiated mice was lower than that among high-dose-rate irradiated mice, as well as among non-irradiated mice. These data indicate that genetic disorders in stem spermatogonial cells in high dose irradiated mice are generated and transferred to the descendant generation through sperm. A variety of age-related changes in mice is one of the arguments in comparing high-with low-dose-rate irradiation between irradiation times. However, the effecting of aging as a compound factor was assayed at ages between ~10 weeks and 1 year after X-irradiation with 5 Gy by Ehmcke et al. 31) They reported that no prominent age-related differences in spermatogenic depletion and recovery in either young (3 month) and old (12 month) mice. The ratio of sperm abnormalities was calculated with the relative mean data of low-dose-rate irradiated mice (Table 2) to high-dose-rate irradiated mice (Table 1 ).
In addition, the different shapes of abnormal sperm in the caudal epididymis 25) were observed eight days after irradiation in consideration of the stages of spermiogenesis, 24) because the responses to radiation during the varying stages of cell development in spermiocytogenesis were diverse. 19) In this study, morphological sperm abnormalities observed in the caudal epididymis probably represent gene mutations in the spermatogenesis. It is regarded as likely that the genetic information would be inherited by the descendant generation through sperm. Interestingly, sperm with blunt hooks and two heads and tails exhibited high frequency levels, from 0.5 and 1 Gy, in high-dose-rate radiated mice (Table 1) . These results are similar to the findings of Liu et al., suggesting a threshold dose for radiation-induced germ cell apoptosis of 75 mGy. 15) However, the frequency of sperm with blunt hooks, two heads and tails, amorphous heads, and short tails in low-dose-rate irradiated mice was slightly less than that among non-irradiated mice (Table 2 ). These findings indicate that the spermatogenic cells related to blunt hooks and two heads and tails are more sensitive to radiation than those in other sperm shapes. These results were similar with data of Hugenholtz and Bruce. 17) They reported radiation-induced sperm head defects and chromosomal aberrations in F1 progeny following paternal X-irradiation (0.75 -6 Gy) even though they exposure to other strains of mice. Therefore, the data from this study suggest that signal pathway related DNA repair, 6,7) apoptosis 8) and immunity 3) are probably activated in the spermiocytogenesis of lowdose rate irradiated mice, which then contribute to a decrease in abnormal sperm forms. Experiments are currently underway with microarray methodology to further explore this possibility. Furthermore, dose and dose rate effectiveness factors in the spermatogenic cells, as discussed in a previous study conducted by .0008 Gy/min) 32, 33) and Bayrokova et al. (0.006 -600 mGy/min), 34) may be considered to lead to damage in spematogonial stem cells, where the described DDREF values are probably related to blunt hooks and two heads and tails.
In conclusion, the data from this study demonstrates that a strong reduction effect in abnormal sperm generation occurs due to a decrease of the dose rate from acute highdose-rates (0.8 Gy/min) to chronic low-dose-rate (0.7 mGy/hr) exposure levels. The ratio of dose rate reduction effects among low-dose-rate irradiated mice to high-dose-rate irradiated mice was approximately 0.6. Sperm with blunt hooks and two heads and tails were found to have higher radiation sensitivity levels than those exhibiting other shapes, providing a potential endpoint marker when evaluating radiation effects. In future studies, the molecular biological effects of lower radiation doses and dose rates in spermatogenic cells of mice need to be evaluated.
